Chapter 16 

Bioenergy Systems, Soil Health and Climate 
Change 


Brendan H. George and Annette L. Cowie 


16.1 Introduction 


Currently fossil fuels supply most of the world’s energy needs, in processes that 
move carbon from geologic pools to the atmosphere. In 2007, use of fossil fuels 
released an estimated 28.8 Gt of carbon dioxide equivalent (C0 2 -e) into the 
atmosphere (International Energy Agency 2009). The increasing atmospheric con¬ 
centration of carbon dioxide (C0 2 ) and other greenhouse gases (GHGs) influences 
climate (Solomon et al. 2007), and this process may be accentuated if climate and 
carbon cycle feedback loops continue to develop (Friedlingstein 2008; Gregory 
etal. 2009). 

It is generally accepted that we need to move to a “low-carbon future” with 
reduced reliance on fossil fuels for energy. Bioenergy can play a significant role, 
meeting some of our energy needs while reducing carbon emissions and even 
sequestering significant amounts of carbon. While there is the potential for 
bioenergy systems to provide very significant amounts of energy across the world 
(Bauen et al. 2010), intensifying production systems and changing land use and 
land management to produce biomass may impact on soil health and soil carbon in 
particular (Lai et al. 2003). The question of how bioenergy systems should be 
managed to achieve optimal outcomes is not yet clearly resolved (e.g. Blanco- 
Canqui 2010; Cowie et al. 2006; Delucchi 2010; Lai et al. 2003). And while 
bioenergy systems, if thoughtfully designed, can contribute to mitigating climate 
change, we also need to consider some of the issues in adapting to climate change to 
sustain production. 

The impacts of bioenergy systems on soil health and climate change are relevant 
at various scales: 
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• At the local scale, where bioenergy systems may influence physical, chemical 
and biological properties of soils, affecting productivity, soil health and carbon 
sequestration; 

• At the catchment scale where bioenergy systems may affect regional hydrology 
and water quality, influencing carbon stocks and potentially soil health; 

• At a global scale where biomass production may cause competition for land, 
leading to deforestation and consequential loss of carbon stocks, sometimes in 
locations distant to biomass production. 

Conversely, intensification and expansion of bioenergy could involve revegeta¬ 
tion of marginal lands potentially enhancing terrestrial carbon stocks. To manage 
potential sustainability impacts on these various scales will require the development 
of robust and clear assessment protocols (van Dam et al. 2010). This is an area of 
significant and evolving policy and will have significant impacts on bioenergy 
systems and their development to meet local and global needs. 


16.2 Definition of Bioenergy, Soil Health and Climate Change 

Bioenergy is a composite word, combining “biomass” and “energy”. Bioenergy is 
the production of heat, power and liquid fuels (termed biofuels) from biomass. 
Biomass is plant matter or derived from plant matter, and can be sourced from 
processing and post-consumer residues, in-field residues from forestry and agricul¬ 
ture, and purpose-grown energy crops. In this chapter, we consider the impacts on 
soil health of the latter two sources of biomass. Similar to Raison and Khanna 
(201 1), we use the description of “soil health” offered by (Doran and Zeiss 2000) as 
the capacity of the soil to function as a vital living system, within ecosystem and 
land use boundaries to sustain plant and animal productivity, maintain or enhance 
water and air quality and promote plant and animal health. Furthermore, we 
include all significant soil physical, chemical and biological properties and pro¬ 
cesses that affect bioenergy systems and are in turn impacted by utilisation of land 
for biomass energy production. 

The potential for bioenergy to mitigate climate change is a major driver of the 
recent policy development and industry expansion. Following the Intergovernmen¬ 
tal Panel on Climate Change (IPCC) definition, we define climate change as a 
statistically significant variation in either the mean state of the climate or in its 
variability, persisting for an extended period (typically decades or longer). Climate 
change may be due to natural internal processes or external forcings, or to 
persistent anthropogenic changes in the composition of the atmosphere or in land 
use (IPCC 2001). 

In much of the literature reference is made to the potential for biomass produc¬ 
tion in marginal or degraded soils (or landscapes). We use the United Nations 
Environment Programme (UNEP) definition of “land degradation” as a long-term 
loss of ecosystem function and services, caused by disturbances from which the 
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system cannot recover unaided. Thus degraded land has lower productivity 
as a result of human actions, sometimes interacting with natural factors (e.g. 
overgrazing in drought). 

“Marginal land” is land on which the value of produce barely exceeds produc¬ 
tion costs. It could be marginal because it is degraded or there may be other 
constraints such as soil type or climate. “Marginal” is context related and is subject 
to current technologies, plant breeds, agronomic practices, market values, etc. Thus, 
an area may be considered marginal with respect to one land use but not another. 


16.3 Policy Drivers Increasing Bioenergy 

Bioenergy generally costs significantly more than existing fossil fuel-based energy 
sources (Duer and Christensen 2010), but it is promoted for various reasons 
including: 

• Energy security; 

• Environmental benefits, particularly mitigation of climate change; 

• Rural and regional development; 

• Human health. 

The development of bioenergy is encouraged by policies including renewable 
energy targets, industry development grants and emissions trading (Capon et al. 
2010; Vivid Economics 2010). However, there are concerns about potential impacts 
of the expansion and intensification of large-scale bioenergy systems including: 

• The “food versus fuel” debate - it has been asserted that utilisation of food for 
fuel [particularly corn (Zea mays) for ethanol] has led to rising food prices 
(Pimentel et al. 2009), but others claim that this impact has been exaggerated 
(Baffes and Haniotis 2010) or can be avoided by integrating food, feed and 
biomass production (Dale et al. 2010). Nevertheless, the stronger competition 
for resources as the human population grows could be a significant challenge for 
future bioenergy development (Bartle and Abadi 2010; Fischer et al. 2009; 
Pimentel et al. 2008; Solomon 2010; Tilman et al. 2009). 

• The actual net GHG balance of bioenergy systems - some systems may deliver 
minimal GHG savings, when production-chain emissions and impacts on terres¬ 
trial carbon stocks are accounted (Fargione et al. 2008; Halleux et al. 2008; 
Tyner et al. 2010). 

• Indirect land use change (iLUC) - use of agricultural land for biomass produc¬ 
tion may lead indirectly to deforestation, with implications for soil health and 
climate change (Delucchi 2010; Fischer et al. 2009; Schlamadinger et al. 2007). 

• Local environmental impacts - for example, impacting air quality due to increased 
emissions in production of energy from biomass crops and biofuel refining; 
reduced water supply where production of biofuels uses significant water; and 
soil health (Blanco-Canqui 2010; Lasch et al. 2010; Lattimore et al. 2009). 
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To secure the confidence of policy makers, on behalf of society, the bioenergy 
industry needs to demonstrate that production can meet energy needs as well as 
environmental and social objectives. Sustainability frameworks are being devel¬ 
oped to give confidence that bioenergy production will deliver energy security and 
GHG mitigation while minimising negative impacts such as soil degradation 
(Fritsche et al. 2010; O’Connell et al. 2009; van Dam et al. 2010). We discuss 
these frameworks in more detail in Sect. 16.8. 

Well-planned bioenergy systems have the potential to provide continuous, large- 
scale supplies of energy that displace fossil fuels at economically competitive rates 
without negatively impacting on the environment. Developing such robust systems 
presents many challenges; in this chapter, we focus on soil health impacts and do 
not address other environmental impacts or issues such as social impacts, technol¬ 
ogy development, commercialisation and trade facilitation. 


16.3.1 The Role of Bioenergy in Providing Renewable Energy 

Bioenergy contributes approximately 10% of the primary energy mix globally, with 
nearly 9% from woody biomass and the remainder (^1%) from agricultural crops 
and by-products plus municipal and industrial wastes (Bauen et al. 2010). Biomass 
uses range from low technology traditional use of firewood for heating and cooking, 
to co-firing in large-scale power plants (Berndes et al. 2010) and dedicated heat and 
power generation (Bemotat and Sandberg 2004). In northern European countries 
and North America, policy development has led to significant biomass use. For 
example, in Sweden bioenergy contributes >20% of the national primary energy 
supply (Aim et al. 2009). By comparison, in Australia, which has abundant supplies 
of coal and thus low-cost electricity, the contribution of bioenergy is much smaller, 
comprising 3.6% of the total primary energy in 2007-2008 (ABARE 2010). 

The potential for bioenergy to contribute to future national and global energy 
needs is significant but estimates vary widely. Some consider that bioenergy could 
sustainably contribute 25-33% of primary energy needs by 2050 replacing fossil 
fuels in all energy markets (viz. electricity, heat and transport) (Bauen et al. 2010). 
Much of the uncertainty regarding the capacity to “sustainably” produce feedstock 
for bioenergy relates to the potential impact of competition for water and land 
resources, especially as the world population increases. The literature is split 
between very positive assessments of bioenergy capacity (e.g. Bartle and Abadi 
2010; Fischer et al. 2010; Hoogwijk et al. 2009; Wit and Faaij 2010) and those that 
are negative, predominantly due to concerns over energy or GHG balance (e.g. 
(Fargione et al. 2008; Pimentel 2009) or conflict with food production (e.g. 
Pimentel et al. 2009; Schade and Pimentel 2010; Solomon 2010). Studies of likely 
capacity to produce biomass must, by definition, be hypothetical, based, for exam¬ 
ple, on assumptions about population growth, technological development and 
climate change impacts. Importantly these studies determine boundaries of 
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theoretical potential and highlight considerations in developing large-scale produc¬ 
tion systems. We discuss many of the specific issues in detail below. 

The extent to which bioenergy contributes to future global energy requirements 
will depend on: 

• The biophysical capacity to produce biomass feedstock, process and transport 
energy carriers (Bauen et al. 2010; Berndes et al. 2010); 

• Market development (Hansson and Berndes 2009; Hoogwijk et al. 2009); 

• Technological development of feedstock conversion including pre-treatment 
(Uslu et al. 2008) and biorefinery development (Cherubini 2010); 

• Social and environmental objectives and limitations applied through policy 
(Delucchi 2010; O’Connell et al. 2009). 


16.3.2 Bioenergy and Climate Change 

The major policy driver for the current promotion of bioenergy is its potential to 
contribute to climate change mitigation. Bioenergy systems can displace the use of 
fossil fuel, leaving the fossil fuel “in the ground”, and may sequester carbon 
(through storage of carbon in the soil or vegetation). The potential benefit from 
increasing biomass energy (stationary and transport) and avoiding fossil fuel use is 
significant. The IPCC estimates that by 2030, increased energy generation effi¬ 
ciency and switching to alternative low-carbon sources including bioenergy could 
reduce emissions by approximately 1.6-2.5 Gt C0 2 -e per annum for light transport 
(Ribeiro et al. 2007), and between 2.0 and 4.2 Gt C0 2 -e per annum for stationary 
energy production (Sims et al. 2007). 

To determine the mitigation value of bioenergy, we can use the displacement 
factor. 


Efficiency of bioenergy system 

D f =- 

Efficiency of displaced fossil fuel system 

C0 2 emissions per J fossil fuel 

x_ F^i-—- T .- t , , ( 16 . 1 ) 

C0 2 emissions per J biofuel 

where D f is the “amount of carbon emission from fossil fuels that is avoided when 
biofuels are used instead” (Schlamadinger and Marland 1996) and is a unitless 
measure. The efficiency of energy production is often summarised by the concept of 
the energy return on investment (EROI). The EROI is determined by the amount 
of energy gained from a process compared to how much energy was required to 
grow (or extract) and transform a new unit of energy carrier (e.g. biomass material) 
into the useable energy in question. Larger EROI indicates a more efficient produc¬ 
tion of useable energy from primary sources. 

Also important are the production-chain emissions, due to: fossil fuel use, 
for example, in cultivation, harvest, transport, fertiliser manufacture; non-C0 2 
emissions, such as nitrous oxide (N 2 0) from applied fertiliser; and change in 
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biomass and soil carbon. Co-products can also have a significant impact on the 
GHG balance of some bioenergy systems: biochar, a co-product of pyrolysis, can be 
used as a soil amendment improving soil health and yielding mitigation benefits 
[(Cayuela et al. 2010); also see Chap. 15 and Sect. 16.6.4]; residues from ethanol 
and biodiesel production can be used as animal feeds, saving emissions associated 
with feed production (Dale et al. 2010). Land use change (LUC), both direct and 
indirect, can significantly add to the production-chain emissions of bioenergy 
systems (see Sect. 16.7). 

While climate change is a major driver for the industry, mitigation value must be 
balanced with other objectives. This becomes a challenge for policy development 
and implementation, as there are often trade-offs: maximising carbon sequestration 
and biomass production may reduce potential biodiversity benefits, or adversely 
impact hydrology. However, there are potential “win-win” scenarios where miti¬ 
gation, conservation and production objectives can be addressed simultaneously, 
for example, the development of a mallee industry for bioenergy production in 
Western Australia (Bartle et al. 2007). 

To make a significant contribution to climate change mitigation, a huge quantity 
of biomass will be required (Bauen et al. 2010; Raunikar et al. 2010). For example, 
it is estimated that for the USA to produce 30% of their domestic transport fuel 
demand would require the growing and processing of approximately one billion 
tonnes of biomass per annum (Perlack et al. 2005). The potential impact on GHG 
emissions of large-scale bioenergy systems will require carefully developed policy 
to meet multiple objectives and optimise production. 


16.4 Land-Based Bioenergy Systems 


There is great variation among bioenergy systems with respect to biomass 
feedstocks, transformation processes and energy services delivered (Fig. 16.1). In 
future, algae may become a significant source of biomass for biofuel (Florentinus 
et al. 2008; Wijffels and Barbosa 2010), but as algae-based systems will have 
limited impacts on soil health, they are not considered further in this chapter. 
Rather, we focus on the biomass feedstock production, as this is the stage that 
predominantly influences soil health. 

Biomass for energy systems can be sourced from: 

• Crops specifically produced for energy purposes [e.g. sugar cane (Saccharum 
spp.), wheat (Triticum spp.), sorghum (Sorghum bicolor ), rapeseed (Brassica 
napus), short rotation woody crops (SRWC)]. Many of these crops already have 
competing uses. 

• Residues that can be classed as: 

(a) Primary residues, produced during the production of forest products and 
food crops (e.g. forest thinnings, crop stubble). These resources are generally 
available in situ and must be collected (i.e., they are a dispersed source of 
material). 
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Fig. 16.1 Bioenergy feedstocks can be produced through many different pathways and then 
converted to meet various energy needs through a multitude of conversion routes (sometimes 
with multiple processes). The feedstocks will be produced from various primary, secondary and 
tertiary sources or dedicated energy crops ^Different parts of each feedstock can be used in other 
and/or multiple conversion routes; 2 Each route may also yield co-products (e.g. bagasse for 
cogeneration as a co-product of sugar production from sugarcane); 3 “Upgrading” includes a 
densification process such as pelletisation or torrefaction; [adapted from Bauen et al. (2010) with 
permission]). Only energy related products are considered in this diagram. Other bioproducts 
(e.g. bioplastics, biochar) are not explicitly incorporated 

(b) Secondary residues, generated during the processing of biomass for other 
products (e.g. bagasse from sugar production from sugarcane, sawdust from 
the milling of forest products). These resources are generally concentrated at 
a processing operation. 

(c) Tertiary residues, produced from “wastes” (e.g. used cooking oil, organic 
fraction of municipal solid waste, reclaimed timber products). 

Production systems for most of the annual crops used for bioenergy are well 
developed, as these crops have established uses for food and feed. Some biomass 
sources (e.g. residues from forest harvest operations) are obtained through modifica¬ 
tion of existing systems. Additionally, bioenergy demand is encouraging the develop¬ 
ment of new crops (such as jatropha (Jatropha curcas) and miscanthus (Miscanthus 
spp.)), and new production systems such as short rotation tree crops (including willow 
(,Salix spp.), polar (Populus spp.) and eucalypts), which are sometimes coppiced. 


16.5 Biomass Production and Implications for Soil Health 


Soil health is a function of the complex interaction of chemical, physical and 
biological properties. Achieving significant bioenergy targets is likely to require 
large areas of land (Bemdes et al. 2003) and increased production intensity 
(Pimentel et al. 2009), to increase biomass yields (Fischer et al. 2009). The impacts 
of bioenergy systems on soil health will depend on: 
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• LUC - that is, replacement of the previous land use (Luyssaert et al. 2008); 

• The type of biomass production system introduced (e.g. annual or perennial); 

• Management practices applied to the biomass system. 

Impacts of bioenergy systems based on conventional annual crops and forestry 
are similar to other annual cropping and forestry systems, reviewed in Chaps. 9 and 
12, respectively, and we do not address these topics further in this chapter. Gener¬ 
ally annual plants require greater inputs and more frequent soil disturbance than 
perennial systems, which may be replanted after harvest at 5-10 years, or even less 
frequently if coppiced. Thus, annual systems are likely to pose a greater risk than 
perennials to soil health. 

The anticipated increase in scale and intensity of biomass productions systems 
will increase pressure on natural resources and test the resilience of the biophysical 
systems. Options for increased biomass production, and management of their 
impacts on soil health, are discussed in Sect. 16.6. 

In this section, we outline the anticipated impacts of biomass production systems 
on soil properties and processes that can influence soil health. While there has been 
little research reported on this topic, we can predict the probable impacts of these 
bioenergy systems from knowledge of the factors influencing soil health. 


16.5.1 Soil Organic Matter 

Soil organic matter (SOM) strongly influences many soil properties and as such is a 
primary indicator of soil health (see Chap. 5). The amount of SOM in soil is a 
function of climate, topography, parent material, biology and time (Rice 2005). 
SOM is generally higher in cool climate forests and wetlands where growth is 
considerable but soil biota activity limited. Conversely, SOM is lower in the wet 
tropics where it is rapidly mineralised, and lowest in dry environments where plant 
growth (and therefore input of organic matter) is limited by water availability 
(Bolin et al. 2000). 

Maintaining SOM levels is a significant challenge to the sustainability of 
bioenergy systems where they increase biomass removal and/or have greater 
soil disturbance compared to conventional cropping systems. However, where 
bioenergy systems use degraded or marginal land, or involve establishment of 
perennial tree crops on intensively cultivated land, then SOM may be increased 
(Lasch et al. 2010). 

Carbon is the major constituent of SOM; therefore changes in SOM have 
significant implications for climate change. Figure 16.2 shows the respective 
carbon pools and fluxes and potential impact of management in a forest-based 
bioenergy system. 

It has been suggested that loss of soil carbon in the establishment of energy 
crops, or as a result of residue removal, could negate the climate change benefits of 
using bioenergy to displace fossil energy sources (Fargione et al. 2008). Cherubini 
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Fig. 16.2 The forms of atmospheric and terrestrial carbon as stocks {boxes) and flows ( arrows ) in 
a forest-based bioenergy system. Management options will impact on the respective flows and 
stocks of carbon and significantly influence soil health depending on disturbance, additions and 
subtractions to the soil system. Adapted from Bottcher and Lindner (2010) 


and Ulgiati (2010) calculated that the loss of soil carbon contributed approximately 
50% of total GHG emissions in the growing of biomass for the production and use 
of pellets for heat and electricity from corn stover and wheat straw, while Brandao 
et al. (2011) calculated that loss of soil carbon contributed ^30% of the emissions 
due to the production of rapeseed. However, Cowie et al. (2006) determined that for 
three forest systems in Australia [viz. short rotation eucalypts (E. globulus ), pine 
(P. radiata) and sawlog eucalypt (E. grandis )], the losses of soil carbon were 
minor compared with the avoided GHG emissions from equivalent fossil fuel use. 
Similarly, small losses of soil carbon, or even gains, have been reported where 
perennial low-intensity bioenergy crops including switchgrass (Panicum virgatum 
L.) (Liebig et al. 2005), poplar and miscanthus (Borzecka-Walker et al. 2008) have 
replaced existing cultivated cropping systems. Impacts of sugarcane on soil carbon 
vary from losses to gains and are influenced by management; soil carbon is higher 
where cane is not burned before harvest, and where trash is retained (Cerri et al. 
2011; Galdos et al. 2009; Pinheiro et al. 2010). 

The loss or gain of soil carbon in a bioenergy system is difficult to assess due 
to the spatial and temporal variability of soil carbon (Coleman et al. 2004). It will 
be determined by the LUC, influenced by the species involved (which may 
differ in their proportional allocation of carbon belowground, and quality of litter 
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(Pritchard 2011), and the management applied (tillage frequency, proportion of 
residues removed). Where residues from annual crops are used, soil carbon loss can 
be significant. For example, Anderson-Teixeira et al. (2009) found that where 
25-100% of the com residue was harvested, soil organic carbon losses of 3-8 
Mg ha -1 occurred during the first 5 years. Conversely, Anderson-Teixeira et al 
(2009) reported a small increase in soil organic carbon (1 Mg ha -1 year -1 in the top 
30 cm) in soil sustaining perennial grasses (including miscanthus and switchgrass). 
These results are consistent with data presented by Dawson and Smith (2007) where 
the ability of soil to sequester carbon was greater in perennial crops with reduced 
soil disturbance. 

Perennial bioenergy systems that: (1) are established on already cleared agricul¬ 
tural land with minimal soil disturbance and (2) do not remove large amounts of 
residue will be more likely to retain soil carbon and improve soil health compared 
with annual cropping systems. 

16.5.2 Soil Temperature 

Soil temperature is an important factor influencing soil microbial activity 
(Pingintha et al. 2010). The selection of plant species will influence the amount 
of radiation reaching the soil (through shading) and the speed of air movement, 
which will not only affect the soil temperature directly, but also indirectly through 
effect on the water content. Management of the bioenergy feedstock system such as 
the removal of straw or logging residues will increase the diurnal temperature 
fluctuation and impact microbial activity (Blanco-Canqui 2010; Blanco-Canqui 
and Lai 2009). 


16.5.3 Soil Erosion 

Soil erosion, by wind or water, has significant impact on soil health through loss of 
nutrients and soil carbon (Gregg and Izaurralde 2010; Pimentel 2006). This is of 
particular concern for energy crop production systems where frequent disturbance 
and removal of residues are likely to increase the risk of erosion (Blanco-Canqui 
2010; Delucchi 2010). Furthermore, eroded soil can increase turbidity of streams 
and rivers (Tilman et al. 2002), and thus combined with eutrophication from 
nutrient run-off and leaching, bioenergy systems can reduce water quality (Brandao 
et al. 2011). 


16.5.4 Soil Compaction 

Operations involving heavy machinery, especially when the soil is wet, can lead to 
soil compaction (Blanco-Canqui and Lai 2009; Walmsley and Godbold 2010). 
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Compaction reduces soil porosity and infiltration, thus reducing available water for 
plant use, and increase waterlogging risk, leading to reduced mineralisation of soil 
carbon (Cowie et al. 2006). Removal of logging residues in forest-based bioenergy 
systems may increase soil compaction (Merino et al. 2004), causing reduction in 
soil health and inhibiting plant growth. 


16.5.5 Soil Salinity 


An excess of soluble salts, especially sodium, has negative effects on chemical and 
physical soil properties, and inhibits microbial activity and plant growth 
(Rengasamy 2006). One of the main drivers for the nascent bioenergy industry 
in Australia is the potential for an economically viable production system 
incorporating deep-rooted woody crops to capture and use available soil water to 
minimise waterlogging and control dryland salinity (Bartle et al. 2007; Crosbie 
et al. 2007). However, such crops must be carefully sited to avoid negative impacts 
through reduced streamflow and recharge of aquifers (Benyon et al. 2007; Jackson 
et al. 2005; Vertessy et al. 2003). 


16.5.6 Nutrient Balance and Availability 

The production and removal of biomass for bioenergy can significantly impact on 
chemical fertility through changing the nutrient balance in the soil. The balance of 
macronutrients (viz. N, P, K, Mg and Ca) and micronutrients (including S, Zn, Fe, 
Mn and B) is important in all production systems; nutrients removed in harvested 
biomass or through erosion, run-off and leaching must be replaced to avoid long¬ 
term decline in productivity (Blanco-Canqui and Lai 2009; Cowie et al. 2006; 
Gregg and Izaurralde 2010; Lai 2004). Loss of chemical fertility will limit plant 
growth, leading to reduced organic matter input and consequently lower microbial 
activity, nutrient and moisture retention. 

Reduced nutrient availability will lead to declining productivity where biomass 
is continually removed, such as in proposed bioenergy cropping systems including 
SRWC (Blanco-Canqui 2010; Dickmann 2006; Merino et al. 2004; Sartori et al. 
2007) and traditional agricultural crops (Blanco-Canqui and Lai 2009; Muller 
2009). The effect of nutrient removal is complicated by the selective nutrient 
extraction from soil of the respective crops as well as what component of the 
biomass is removed. Bioenergy systems that remove green foliage (which is 
particularly high in N, P and K), or bark (which is high in Ca), have a higher risk 
of nutrient depletion (Cowie et al. 2006). Impacts will differ between species and 
nutrient removal will be lower in systems using deciduous species or straw 
harvested after plant maturity. 
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In their review of the impact of the removal of stover in corn production systems 
in the USA, Blanco-Canqui and Lai (2009) found that at some sites nitrogen 
declined and other nutrients remained steady, while at other sites all measured 
nutrients declined. It is clear that biomass removal will have a significant effect on 
soil nutrients, particularly nitrogen, and therefore soil health. 

LUC can significantly affect the amount and form of nitrogen in the soil. For 
example, where pasture is converted to a plantation, site preparation will encourage 
mineralisation of organic matter, releasing nitrogen, which may be lost through 
leaching in the early stages of plantation growth before the tree roots have fully 
occupied the site (Kirschbaum et al. 2008; Turner and Lambert 2000). 

It is important to consider the fate of the biomass if not removed for bioenergy. 
In some forest systems residues are windrowed and burned. This practice removes 
the majority of the carbon, and a large proportion of nitrogen, though the non¬ 
volatile nutrients will be retained. In this scenario, removal of residues for 
bioenergy will have less impact on the soil nutrient (and carbon) status. The 
retention of sugarcane green trash at harvest can significantly increase soil carbon 
and nitrogen (Pinheiro et al. 2010) though much of the retained trash decomposes 
within a year (Robertson and Thorburn 2007). 

The ability to definitively determine how much of the residue can be removed 
without jeopardising soil health in different soil types, crops and management 
systems remains weak. However, Blanco-Canqui and Lai (2009) suggest that 
fertility decline is likely if >50% residue is removed from annual crop systems. 
Ensuring that nutrient-rich leaf material is retained on site (such as by harvesting 
after leaf fall, or leaving cut branches to dry in the field) is important to maintaining 
soil fertility (Fung et al. 2002; Walmsley and Godbold 2010). 


16.5.7 Biological Activity and Impacts 


The presence and activity of soil biota are fundamental to the development and 
maintenance of soil health (see Chap. 8). In turn, biological activity is influenced by 
the soil chemical and physical properties, especially porosity, range in moisture 
content, presence of toxic substances, temperature variation and the availability of 
nutrients. In addition, SOM provides significant energy for microbial activity. 
Bioenergy systems that reduce organic matter inputs, for example through 
increased intensity of biomass harvest, may therefore inhibit microbial activity. 

Organic matter is decomposed through comminution and mineralisation, which 
are dependent on the activity of soil fauna and micro-organisms (Cogle et al. 1995). 
When land is converted from crop or pasture to forest, the increased shading of the 
soil surface can reduce surface temperatures, lowering microbial activity and 
retarding the litter decomposition rate (Grove et al. 2001). This increases the carbon 
stock in litter while decreasing input to the soil carbon pool. Conversely, reducing 
tillage disturbance and increasing organic matter and nitrogen (via fertilisation) in 
soil leads to increased microbial populations (Vargas Gil et al. 2009). There is some 
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“competition” between the respective processes; the balance determines whether 
microbial activity will be increased or decreased. 

Perennial bioenergy systems, with reduced disturbance and increased input of 
root organic matter, are likely to encourage microbial activity compared with 
conventionally tilled annual crops. However, even where organic matter is returned 
to the soil, the impact on biological activity can vary. For example, Smolander et al. 
(2010) found that the impact of removal of logging residues on microbial processes 
was greater on low fertility sites. 

Understanding the impacts on soil microbes of management options such as 
plant selection and cultivation, through altered temperature fluxes, retention and 
incorporation of organic matter, and soil disturbance regimes, is important to 
maintaining soil health under bioenergy systems. 


16.6 Management Options 

Realising the anticipated potential for bioenergy will require intensification of 
biomass production from existing agricultural and forest systems and expansion 
of the area used for biomass production. Managing environmental impacts is 
considered one of the most challenging aspects of biomass production on a large 
scale (Delucchi 2010; Pimentel et al. 2009). 

In this section, we consider the impacts on soil health of intensification, includ¬ 
ing through use of fertiliser, and discuss management options to minimise these 
impacts. We discuss the implications of expansion of area used for bioenergy in 
Sect. 16.7. 


16.6.1 Use of Marginal and Degraded Land 

Currently much of the biomass feedstock for transport fuels is produced from 
conventional agricultural crops grown on prime agricultural lands. For example, 
the US ethanol industry is largely based on com production in the mid-west 
(Solomon 2010). There is direct competition between the biomass feedstock for 
energy with food or feed. This leads to concern and debate regarding food and 
energy security and respective national interests (Pimentel et al. 2009). In 
addressing these concerns, there is significant opportunity for bioenergy feedstocks 
to be produced on degraded and marginal lands (Bartle et al. 2007; Delucchi 2010; 
Tilman et al. 2006; Tilman et al. 2009). While such land is not well suited to 
conventional crops, it may be satisfactory for lignocellulosic crops such as giant 
reed (Arundo donax ), or tree crops such as jatropha, that are reputed to tolerate dry, 
infertile environments (Jongschaap et al. 2007). Low-input perennial grass systems 
that increase the opportunity for plant and animal diversity have also been 
suggested for North America (Tilman et al. 2006). While these species may survive 
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in harsh environments, yields will inevitably be low. Nevertheless, the potential for 
production of lignocellulosic feedstocks on marginal lands is significant, with 
estimates of biomass yields capable of meeting up to 10 EJ year -1 of global energy 
requirements (Bauen et al. 2010). It is critical that sustainable land management 
practices are used to minimise risk to soil health on marginal lands, which can be 
particularly susceptible to degradation. 

There is also potential that use of degraded lands for bioenergy production could 
deliver substantial net mitigation compared with fossil fuel production and con¬ 
sumption. For example, Wicke et al (2011) demonstrated that degraded lands in 
Indonesia dominated by the grass weed Imperata cylindrica can be used effectively 
for oil palm production. Use of degraded land often depleted in SOM and nutrients 
could enhance soil health, as growing plants contribute organic matter and stimu¬ 
late microbial activity and nutrient cycling. However, establishment of bioenergy 
crops may be challenging as soil constraints must be overcome. 


16.6.2 Intensification 

Intensifying production from the current land base, through use of increased inputs, 
such as fertiliser (discussed below) or irrigation could significantly increase bio¬ 
mass production, particularly in regions such as Africa where yields are well below 
global averages. However, if larger production per unit time and/or per unit area is 
to be sustainably achieved, then careful selection of species, inputs and manage¬ 
ment will be necessary. 

Impacts on soil health from intensified production are likely to occur on-site (at a 
local scale) through direct effects on soil properties, and could include: increase in 
soil bulk density due to compaction from harvesting operations; nutrient 
imbalances due to biomass removal; increased mineralisation of soil carbon from 
site disturbance; and changes to evapotranspiration and soil temperature (e.g. where 
plantations replace pastures). The magnitude of these direct effects depends on the 
pre-existing soil conditions, and the previous and new species and production 
systems. Irrigation offers the capacity to reduce moisture limitations, but can 
increase the risk to soil health through potential for salinisation if not managed to 
minimise deep drainage (Rengasamy 2006). Bioenergy feedstocks may be derived 
from crop residues in irrigated areas (e.g. rice husk, sugarcane trash), but it is 
unlikely that dedicated energy crops will be grown under irrigation due to high cost 
of water and higher value of alternative crops. 

We know that intensive cropping leads to reduced soil carbon (Dalai and Chan 
2001; Tilman et al. 2002). And though this is often attributed simply to soil 
disturbance (leading to disruption of soil aggregates and increased mineralisation 
of protected organic matter), there is evidence that soil erosion and decreased input 
of organic matter are also significant (Cowie et al. 2006; Paul et al. 2002). Thus, 
cropping generally decreases soil carbon through a combination of reduced input 
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and enhanced loss. Therefore, intensification of biomass production is likely to 
exacerbate soil carbon decline, thus reducing soil health. 

However, there are opportunities, through intensification, for integrated produc¬ 
tion of biomass for energy and food or feed, while preserving or enhancing soil 
health (Dale et al. 2010). One example is the use of SRWC such as oil mallees (e.g. 
Eucalyptus polybractea). Oil mallees have been planted in belts across wheat fields 
and require lower inputs and less frequent soil disturbance than conventional annual 
crops (Bartle et al. 2007; Hobbs et al. 2009). 


16.6.3 Fertiliser 

Increased application of fertiliser is one significant management option used in 
intensive production systems to increase biomass production. Where soils are 
deficient in specific plant nutrients, for example phosphorus in many Australian 
soils (Holford 1997), or where harvest or residue removal leads to nutrient 
imbalances and limitations (Blanco-Canqui and Lai 2009; Cowie et al. 2006; Grigal 
2000; Sartori et al. 2007), fertiliser application becomes critical to maintaining 
plant production. Fertiliser application stimulates plant growth through increased 
nutrient supply, and can lead to additional biomass input to soil. But this does not 
necessarily result in higher soil carbon stocks, as SOM mineralisation may also be 
enhanced (Khan et al. 2007). 

Many agricultural systems rely on fertiliser to support increased plant growth; 
however, globally the efficiency of fertiliser use has declined over the last 50 years 
(Tilman et al. 2002). For optimum efficiency site-specific management of fertilisers 
is essential, matching rate and timing of application to plant uptake (Jalali 2007). 
There is a GHG emissions cost to fertiliser production (Wood and Cowie 2004), and 
application of nitrogen fertilisers leads to increased flux of N 2 0 from soils (Stehfest 
and Bouwman 2006). Thus, increased use of fertilisers in biomass production 
reduces the climate change mitigation benefits of bioenergy. 

Currently most transport biofuels are derived from com (in the USA), sugarcane 
(in Brazil) and rapeseed oil (Europe) (Solomon 2010). This biomass is grown in 
intensively managed production systems with significant inputs, including high 
fertiliser rates, leading to high yields. The expectation of increased use of lignocel- 
lulosic components of biomass for energy (Richard 2010) means that alternative 
crops and harvest systems will be used in the future to provide feedstocks (e.g. 
Bartle and Abadi 2010). These crops and their management may differ significantly 
from current large-scale bioenergy production; the perennial grass and tree crop 
systems being developed have reduced disturbance (i.e. less frequent tillage) and 
potentially lower fertiliser requirements. However, fast growing, short rotation 
biomass plantations will require higher fertiliser inputs than conventional forestry 
to maximise biomass production and minimise decline in nutrient status. This 
increased fertiliser use could jeopardise future productivity and soil carbon stocks 
(Turner and Lambert 2000). 
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In the search for sustainable biomass production systems, mixed species, in 
contrast to monocultures, may be beneficial. For example, mixing species and 
including nitrogen fixers may have greater productivity and reduced need for 
fertiliser application (Richards et al. 2010). Finding the optimal species mix, while 
conceptually straightforward (Forrester et al. 2005), will require field trials of poten¬ 
tially promising species and management systems. Another option is to use organic 
amendments replacing synthetic fertiliser, ensuring the recycling of nutrients from 
processing and post-consumer residues, including biosolids (Wang et al. 2008). 


16.6.4 Biochar 


Biochar is a co-product of the bioenergy technology pyrolysis in which biomass is 
heated in the absence of oxygen. Besides bioenergy, this process can simulta¬ 
neously produce biochar that can be used beneficially as a soil amendment. Biochar 
is highly recalcitrant, lasting potentially hundreds to thousands of years in soil 
(Singh and Cowie 2010). The potential for biochar as a soil amendment is discussed 
in detail by Waters et al. (See Chap. 15). 

The biomass feedstock and pyrolysis conditions determine the physicochemical 
characteristics of the biochar, and therefore its value as a soil amendment and 
fertiliser (see Chap. 15). The application of biochar, depending on its properties, 
can not only increase soil carbon and cation exchange capacity, but also enhance 
physical properties such as aggregate stability and water-holding capacity. In turn, 
these changes to physicochemical properties can enhance biological activity, 
contributing to nutrient cycling and disease suppression (Wamock et al. 2007). 

In addition to the benefits of delayed decomposition of organic matter and the 
supply of renewable energy, biochar can contribute to climate change mitigation 
through reduction in fertiliser requirements, decreased N 2 0 emissions from soil and 
enhanced plant growth (see Chap. 15). Woolf et al. (2010) estimate that the 
production and use of biochar could reduce global GHG emissions by 12% of 
current anthropogenic C0 2 -e (some 1.8 Gt C0 2 -e per annum), with 50% of the 
reduction from carbon sequestration, 30% from replacement of fossil fuel energy 
and 20% from avoided emissions of methane and N 2 0. 

In previous sections, we have discussed the risk that production of biomass 
crops, and collection of in-field residues for bioenergy, could reduce soil health. 
That is, we have highlighted the trade-off between maximising organic inputs to 
soil, to support maintenance of soil health, and removal of biomass for use as a 
renewable energy source to mitigate climate change. However, through pyrolysis 
there is potential to simultaneously produce renewable fuel, and biochar that can be 
used to maintain and/or enhance soil health. The net mitigation of a biochar system 
could be greater than if the same biomass had been used solely for bioenergy 
(Woolf et al. 2010). However, this assertion requires confirmation through further 
research to quantify, for example, the impact of different biochars on N 2 0 
emissions. Furthermore, the conclusions of Woolf et al. (2010) may be true only 
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for specific feedstocks, and where less GHG-intensive fossil energy sources are 
used. For example, if electricity is supplied from GHG-intensive brown coal at 
1.2 kg C0 2 -e per kWh (Commonwealth of Australia 2010), then greater mitigation 
may be achieved using all available biomass for energy. However, where natural 
gas is the fossil energy source, releasing 0.7 kg C0 2 -e per kWh (Integrated 
Sustainability Analysis 2006), use for biochar production may achieve greater 
reduction in GHG emissions. 


16.7 Indirect Impacts of Bioenergy Systems on Soil Health 


Policies that encourage bioenergy are likely to lead to the expansion of land devoted 
to biomass production. This will entail LUC, that is, conversion from existing uses 
to biomass production. In already cultivated land, there may be minimal impact 
where one annual crop is replaced by another. However, LUC could result in 
conversion of pasture or forest to annual crops, which will directly impact on soil 
health and especially soil carbon as discussed above (see Chap. 9). Furthermore, the 
replacement of conventional land uses by biomass production may lead to iLUC: 
relocation of the displaced industry may result indirectly in conversion from forest 
to agricultural uses. The clearing of forested areas can lead to significant release of 
carbon into the atmosphere (Bolin et al. 2000; Delucchi 2010; Schlamadinger et al. 
2007) and can significantly impact on soil health. 

Indirect LUC is an issue associated with the development of various large-scale 
bioenergy systems including the production of palm oil in tropical countries (Laurance 
et al. 2010). Another controversial example of iLUC is deforestation in Brazil that is 
attributed to increased crop production for bioenergy (Fargione et al. 2008; Morton 
et al. 2006; Pimentel and Patzek 2007). In this situation, a global driver, which 
is strong markets for biofuels feedstocks, such as soybeans, and processed biofuels 
(ethanol), leads to local-scale changes with implications for soil health. For example, 
in Brazil sugarcane and soybeans are replacing pasture, and consequently cattle 
ranching displaced from pastureland could encroach on forest areas. The resulting 
deforestation can lead to large SOM loss through oxidation and erosion. Release of 
soil carbon to the atmosphere can negate the benefits from displacing mineral petro¬ 
leum use (Fargione et al. 2008; Searchinger et al. 2008). In Brazil, better integration of 
existing land uses and co-utilisation of feedstocks (e.g. steam cooked bagasse pulp) 
for energy and feed production are proposed ways of integrating production systems 
and reducing iLUC (Sparovek et al. 2007, 2009). 

The GHG emissions implications of iLUC and attribution to bioenergy are 
difficult to quantify (Plevin et al. 2010). Nevertheless, policymakers are developing 
mechanisms that will include estimates of iLUC when calculating the mitigation 
benefits of bioenergy (European Parliament 2009). Policies have also been 
introduced to minimise the risk of LUC. One such mechanism is the use of legisla¬ 
tion to minimise clearing of native vegetation, which may be implemented for 
multiple reasons including the protection of biodiversity rather than specifically to 
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address climate change (e.g. the Native Vegetation Act (2003) in New South Wales, 
Australia). A market-based incentive remains critical to promote development of 
a large-scale bioenergy industry with minimum GHG footprint (Stem 2007). 


16.8 Managing and Regulating the Impacts of Bioenergy 
Production 

Bioenergy systems will need to deliver on current policy-defined expectations such 
as reducing the emissions of GHGs or minimising environmental impacts and 
enhancing social outcomes (e.g. enhancing regional development and increasing 
trade opportunities). Meeting GHG targets and obligations is particularly important 
if a price (that is effectively “artificial”) for carbon is established to address the 
externalities outlined by Stern (2007). 

There are many mechanisms being established around the world that aim to 
improve sustainability of bioenergy systems. Most sustainability schemes are 
underpinned by agreed principles that are expounded as criteria and measured 
with stated indicators. Many of these developing systems are based on the earlier 
work of Cramer et al. (2006), who followed the “triple P approach” focussing on 
people, planet and profit to develop six themes for consideration in developing 
sustainability criteria (Cramer et al. 2006): 

• Social well-being; 

• Competition with food, local energy supply, medicines and building materials; 

• Environment; 

• Biodiversity; 

• GHG balance; 

• Economic prosperity. 

To gain market access, bioenergy projects will need to demonstrate compliance 
with the criteria developed in applicable sustainability schemes. The formalisation 
of the criteria and indicator approach is achieved via the implementation of 
certification schemes that involve third-party verification of compliance. Although 
the approach of developing sustainability systems based on clear principles and 
criteria adds costs to biomass production, these schemes should increase consumer 
confidence (O’Connell et al. 2009). 

We expect that over the next 10 years, there will be ongoing discussion and 
refinement of existing criteria-based systems for the production of sustainable 
biomass for energy production. Currently, initiatives include some specific to 
certain industries (e.g. the Roundtable on Sustainable Palm Oil (RSPO) production; 
the Roundtable on Responsible Soy; and the Better Sugarcane Initiative). These 
initiatives, detailed by O’Connell et al. (2009) and Vis et al. (2008), are driven by 
proponents wanting to support sustainable development of their industries. Larger 
independent systems are also being developed. These initiatives, including the 
United Nations Commission on Sustainable Development-sponsored Global 
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Bioenergy Partnership (GBEP) and the Swiss-led Roundtable on Sustainable 
Biofuels (RSB), are not feedstock specific. The GBEP is particularly targeted at 
developing nations (United Nations 2008) and like the RSB aims to identify key 
principles and criteria for consideration via a systematic assessment as outlined by 
van Dam et al. (2008). Using the RSB as an example, Table 16.1 shows the link 
between the respective principles and the three tenets of sustainability espoused 


Table 16.1 The Roundtable for Sustainable Biofuels (RSB) principles as an example of the key 
issues in development of sustainability certification systems for bioenergy production 


Roundtable for Sustainable Biofuel Principle 

Sustainability tenet 

Legality 

Biofuel operations shall follow all applicable laws and regulations 

Social 

Planning, monitoring and continuous improvement 

Economic 

Sustainable biofuel operations shall be planned, implemented and 
continuously improved through an open, transparent and consultative 
impact assessment and management process and an economic viability 
analysis 

Environmental 

Greenhouse gas emissions 

Biofuels shall contribute to climate change mitigation by significantly 
reducing life cycle GHG emissions as compared to fossil fuels 

Environmental 

Human and labour rights 

Biofuel operations shall not violate human rights or labour rights, 
and shall promote decent work and the well-being of workers 

Social 

Rural and social 

Social 

In regions of poverty, biofuel operations shall contribute to the social 
and economic development of local, rural and indigenous people and 
communities 

Economic 

Local food security 

Biofuel operations shall ensure the human right to adequate food and 
improve food security in food insecure regions 

Social 

Conservation 

Biofuel operations shall avoid negative impacts on biodiversity, 
ecosystems and other conservation values 

Environmental 

Soil 

Biofuel operations shall implement practices that seek to reverse soil 
degradation and/or maintain soil health 

Environmental 

Water 

Biofuel operations shall maintain or enhance the quality and quantity 
of surface and ground water resources, and respect prior formal or 
customary water rights 

Environmental 

Air 

Air pollution from biofuel operations shall be minimised along the 
supply chain 

Environmental 

Use of technology, inputs and management of waste 

Social 

The use of technologies in biofuel operations shall seek to maximise 
production efficiency and social and environmental performance, 
and minimise the risk of damages to the environment and people 

Environmental 

Land rights 

Biofuel operations shall respect land rights and land use rights 

Social 
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by Cramer et al. (2006). Soil health is nominated specifically as an issue for 
sustainability of bioenergy systems, in Principle 8 Soil in Table 16.1, and criteria 
for assessment of compliance have been agreed (Roundtable on Sustainable 
Biofuels 2009). 

Currently many sustainability schemes are voluntary and are used in product 
differentiation. However, in line with increased societal expectations, some 
jurisdictions are legislating the production and consumption of bioenergy, espe¬ 
cially biofuels that meet nominated sustainability criteria. For example, in 
the European Union recent legislation requires biofuels to meet thresholds for 
minimum GHG mitigation and precludes use of biomass from biodiverse lands 
(European Parliament 2009); in Australia, the State of New South Wales legislated 
the mandatory use of ethanol and biodiesel, and the supply of these biofuels must 
comply with sustainability criteria (New South Wales 2007). Maintaining free trade 
between countries may become an issue in the application of criteria-based systems 
that could be construed as blocking the exchange of goods (Buchholz et al. 2009; 
Delzeit and Holm-Muller 2009; Lewandowski and Faaij 2006). van Dam et al. 
(2008) discuss, in detail, the interaction between the establishment of sustainability 
criteria and trade especially with respect to the General Agreement on Tariffs 
and Trade (GATT) and the World Trade Organization (WTO). 

While current policy direction aims to improve sustainability of bioenergy 
systems, many challenges remain in meeting the demand for renewable energy 
while addressing environmental and social objectives at local, regional, national 
and international scales (Florin and Bunting 2009; Reinhard and Zah 2009). The 
application of the respective systems in different countries (with varying levels of 
governance), large variation in climate and edaphic conditions, multiple land use, 
crop and product outcomes will challenge the application and compliance of 
developed sustainability systems. Reports of the successful application of systems 
are scarce (e.g. Froger et al. 2010), but with the need to develop confidence and 
allow trade of biomass for energy and biofuels, significant effort is underway. 

It is interesting to note that the sustainability requirements being demanded of 
bioenergy exceed the general expectations of other land uses in many cases. 
Maintenance of soil health is generally not legislated for food and fibre production 
systems, nor is avoidance of iLUC. O’Connell et al. (2009) indicate there are 
outstanding issues to be resolved around the burden of proof of sustainability 
being placed on bioenergy especially in situations where land and water resources 
are shared between many production systems; the drivers for LUC are many-fold 
and the causal linkages to indirect effects are not clear. The introduction of 
sustainability certification is critical but challenging, and significant development, 
testing and discussion are required to obtain solutions that allow for local interpre¬ 
tation of globally agreed principles and criteria (Florin and Bunting 2009; 
Hennenberg et al. 2010; O’Connell et al. 2009; Sparovek et al. 2007). It is likely 
that the debate over sustainability of biomass production for bioenergy will lead to 
calls for certification of food and fibre production systems that should include 
expectations of maintenance of soil health. 
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16.9 Summary and Conclusions 

As the world searches for low-carbon renewable energy, there will be significant 
opportunities for biomass to provide heat, electricity and transport fuels. Bioenergy 
can contribute to climate change mitigation through increasing sequestration of 
carbon (e.g. in forests) and through reducing use of fossil fuels. With various 
feedstocks and process routes and multiple products, there are many bioenergy 
options that can produce not only energy but also other products, such as biochar, 
that may enhance the economic, social and environmental role of bioenergy. 
Bioenergy could supply greater than 30% of world primary energy demands by 
2050. However, questions remain concerning the capacity and sustainability of 
large-scale intensive biomass energy systems (Muller 2009), particularly over 
implications for soil health. 

Soil health is a function of the interaction between the inherent soil type, climate 
and the management of the bioenergy system. The impacts on soil health will be 
determined by the current land use, the bioenergy system that replaces it and the 
management practices applied. Biomass for bioenergy can be obtained from 
residues from conventional crop and forestry systems which, depending on the 
pre-existing land use and subsequent management of the bioenergy crop, may have 
negative impacts on soil health. Alternatively biomass can be produced from 
purpose-grown energy crops. Where these can be grown on marginal and degraded 
land, they may improve soil health. However, if they are grown on land that was 
previously used for cropping or grazing, their conversion to bioenergy crops is 
likely to lead to iLUC. This is likely to have negative impacts on soil health, with 
further negative consequences for managing climate change. To meet demand, it is 
likely that the area devoted to biomass production will expand, using productive 
land as well as marginal and/or degraded land, which will impact directly on 
physical, chemical and biological aspects of soil health. Where degraded lands 
are revegetated, that may have a positive impact on soil health. 

If bioenergy is to effectively contribute to climate change mitigation, then it 
needs to have a positive energy balance, displace the use of fossil fuels for energy 
and potentially sequester carbon in biomass and soil. Understanding the role of soil 
carbon and the impact of land use, crop selection and management on soil health is 
critical to the long-term sustainability of existing and proposed bioenergy feedstock 
systems. As an important determinant of soil health, the risk of depletion of soil 
carbon stocks in biomass systems, due to the larger proportion of organic matter and 
nutrients that are removed from the site, compared with conventional grain, forage 
and timber production systems, needs to be carefully managed. By avoiding signifi¬ 
cant disturbance, balancing nutrient inputs and removals, and protecting soil from 
erosion, soil carbon can be maintained or enhanced. It is likely that in many systems 
(e.g. where woody plantations replace pastures), there may be an initial decline in 
soil carbon. But in well-managed systems, this decline will be significantly smaller 
than the GHG mitigation benefit of avoided fossil fuel emissions. 

Other physicochemical and biological aspects of soil health need to be consid¬ 
ered as bioenergy feedstock production increases in scale and intensity. The impact 
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on the hydrological cycle can be significant; from affecting the infiltration of water 
into the soil and the soil water-holding capacity, to regional-scale impacts on 
streams and rivers. The increased use of fertiliser may lead to pollution problems 
such as eutrophication, and release of N 2 0 - a potent GHG. This, coupled with the 
extraction of biomass, can impact on the nutrient balance in the soil and pH leading 
to a decline in soil health. Many impacts are interrelated and can lead to significant 
long-term changes to the soil health from which it may take decades to recover. 
Maintenance of soil fertility will remain challenging, especially in systems where 
the majority of the biomass is removed for processing. 

The expansion of biomass production for energy needs to be managed, to reduce 
potential negative impacts through: 

• Minimising the extent of direct LUC; 

• Reducing the risk of indirect LUC; 

• Judicious selection of suitable crops; 

• Adaptive management with consideration of economic goals in conjunction with 

social and environmental values. 

Government, industry and land managers have specific roles: in providing 
guidelines for development; balanced system selection and responsive, site-specific 
management, respectively. To give confidence to industry and society that 
bioenergy is not only helping to meet energy needs but also reaching other goals, 
several sustainability frameworks are being developed. The most robust of these 
rely on the development of clear principles that are supported by succinct criteria 
and reported using agreed indicators. We expect that these systems will continue 
to develop and be tested over the next decade. They provide a clear message to 
bioenergy feedstock producers and processors that for large-scale production 
to occur, society needs to be confident that environmental and social goals are 
considered. This is particularly true in relation to soil health. 

Maintaining soil health in biomass production systems is fundamental to sus¬ 
taining yields and meeting goals such as climate change mitigation and regional 
development, while minimising on- and off-site impacts. In developing sustainable 
biomass production systems, maintaining soil health will be a challenge, particu¬ 
larly as the intensity of production is increased to meet the anticipated demand for 
biomass for energy and other uses. 
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